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DETERMINATION OF THE CHARACTERISTICS

By RAYMOND F. ANDERSON

OF TAPERED WINGS

SUMMARY

Tables and chati8 for we in o%termini~ the char&er-
istti of tapered wing8 are pmented. Theorvticd fador8
are given jrom which the following charmzteriatica oj
tapered wing8 may befknd: The 8pan lift dtirilndtin,
the induced-a@e@-attack di.strilndiun, the lift-curve
slope, tha angle of zero lift, the indd drag, the aero-
dynamic-center position, and the pdchin.g moment aboui
ihe a+wodynami.c&w.

The wings considered cover tlw complete range of taper
rdws and a range of aspect ra%8 from 1?to fiO. The
factor8 gwen inclua% the eJec#8 of .suwpback and W&
and apply to wings having a straigld taper plan form wnlh
rounded tip8 and an elliptical plun form. The genem?
formulas oj tlw 4 wing theory are a.iko given fmm
which the churacta%ti.u of a wing of any fomn muy be

‘ calculated when the section charactemktim are known
from experimerk

In addtiion to the tablee and cluwts, test r& are
given for nine tapered wings, h%uding win98 &h sweep-
back and tunkt. Thetedremdts verify the vidua com-
puted by tb nwthode pnwn.ted in the jimt part of the
report. A jinul section is given outlining a method for
edimding the lift co+t at which a tapered wing
begins to W/l. This method, which should be useful fm
e-8ti71Ulii~ the IWXh?UL7T’L lifi CO@hi311i Of tapered Wi7198,

is applti to one of the wings teded.

INTRODUCTION

A large amount of work has been done on the deter-
mination of tapered-wing chaiacteristica from airfoil
theory. Ghmert has given some of the characteristics
of wings with straight taper for a limited range of
aspect ratios (references 1 and 2). Hueber has given
other characteristics of winge with straight taper for a
large range of aspect ratios (reference 3). Several
other papera have given various characteristics of
tapered wings. The data of all the papers, however,
have been limited by one or more of the following
factors: Range of aspect ratio and taper ratio, number
of characteristics given, and otilon of data on wings
with sweepback and twist. In order to provide more
complete information, data are given in this report for
a large range of aspect ratios, for the complete range

13f3Sf12-37~

of taper ratios, and for wings with sweepback and twist.
b &plane wingsare usufiy rounded at the tips, the
data are given for wings with rounded tips.

In addition to the theoretical characteristics, the
rw.dts of tests of tie tapered wings, including wings
with sweepback and twist, and a comparison of some
of the test results with theoretical values are presented.

The characteristics are given for wings having a
straight taper and rounded tips and for wings having
an elliptical plan form, with an aspect-ratio range from
2 to 20. For these wings, fornmlaa are given using
factors that are presented in tables and charta. From
the formulas and factors the following characteristics
of tapered wings may be detmnined: Span lift distri-
bution, induced-angle-of-attack distribution, lift-curve
slope, angle of zero lift, induced drag, aerodynamic-
center position, and pitching moment about the aero-
dynamic center.

METHOD OF OBTAINING DATA

BASIC CONCEPTS

When obtaining the data used to determine the char-
acteristics of wings, a tapered wing is considered to con-
sist of a seriesof airfoil sections that may vary in shape,
chord length, and in angle of attack from root to tip.
Each airfoil section is assumed to have an aerodynamic
center through which the lift and drag act and about
which the pitching moment is constant.

With the section characteristics as a basis, character-
istics of the entire wing are obtained by integration
acros9 the span. Formulas for the integrations will
tit be given for a wing of any shape and zero dihedral;
that is, the aerodynamic centers of all the sections nlong
the span lie in a plane which passes through the root
chord and which is perpendicular to the plane of sym-
metry. W~ of particular shape will be considered
later and a method for including the effect of dihedral
will be given.

For any tapered wing the span lift distribution may
be considered to consist of two parts. One part, which
w-illbe called the ‘%asic distribution,” is the distribu-
tion that depends principally on the twist of the wing
and occurs when the total lift of the wing is zero; it
does not change with the angle of attack of the wing.
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The second part of the span lift distribution, whicl
will be called the “additional distribution,” is the lit
due to change of the wing angle of attack; it is inde
pendent of the wing twist and maintains the same form
throughout the reasonably straight part of the lift curve

In the designation of the characteristics of a wing
lower-case lettem will be used for section characters.
tics and upper-case letters for the characteristics of th[
entire wing. The basic and additional section lift coef.
ficients me then Clband c~a. A complete list of sym.
bols follows. It is convenient to find the additiond
lift coeilicient for a wing C. of 1 and it is then designate
C,=l. The two coefficients me related by cl== CLc~al,
The total lift coe5cient at any section is found from
the basic and additional coefficients from

cl~=c[b+ cLGla~

where CIOis the lift coe5cient perpendicular to the 10MLI
relative wind at any section as distinguished from cl,
which is perpendicular to the relative wirid at a dis-
tance. For convenience, however, c1will be used and
may be considered equal to CIO.

SYMBOLS

A, aspect ratio, P/S.
b, span.
c, chord at any section along the span.

c1,tip chord (for rounded tips, c* is the fictitious
chord obtained by extimding the leading and
trailing edges to the extreme tip).

c,, chord at root of wing or plane of symmetry.
S, wing area.
/3, angle of sweepback, measured between the

lateral axis and a line through the aerody-
namic centers of the wing sections. (See
fig. 1.)

e, aerodynamic twist in degrees horn root to tip,
measured between the zero-lift directions of
the centi and tip sections, positive for
washin.

z, longitudinal coordinate, parallel to the root
chord.

y, lateral coordinate, perpendicular to plane of
symmeb.

z, vertical coordinate in the plane of symmetry,
perpendicular to the root chord.

z=.... z coordinate of wing aerodynamic center.
a, wing lift-curve slope, per degree.

ao, wing section lift-curve slope, per degree.
m, wing lift-curve slope, per radian.

mo,wing section Lifkmrve slope, per radian.
a, angle of attack at any section along the span.
a,,wing angIe of attack measured horn the chord

of the root section.
a=,,absolute wing angle of attack measured fkom

the zero-lift &ection of the root section.
slot, angle of zero lift of the root section.
CCIO~,angle of zwo lift of the tip section.

a,a=o, wing angle of attack for zero lift.
af,section induced angle of attack.
Cr,section lift coefficient perpendicular to the

distant relative wind.
Subscripts for cl:

O,refers to section lift coefficient .
perpendicular b the local rela-
tive wind.

b, refers to basic lift (CL= O).
a, refers to additional lift (any (7J.

al, refers to additional lift (CJfi=1).
cdusection induced-drag coefficient.
c%, section profile-drag coefficient.

c~=.C.,section pitching-moment coefficient about sec-
tion aerodynamic center.

l; section lift.
ml=,section pitching moment due to additional lift

forces
MJ. wing pitching moment due to additional lift

force9.
Cm,.,wing pitching-moment coefbient due to addi-

tional lift force9.’
Cm,~,wing pitching-moment coefficient due to basic

lift forces
Cm.,wing pitching-moment coefficient due to the

pitching moments of the wing sections.
Za.e.l fig pitching-moment cotitient about ib

aerodynamic center.
c., wing lift coei3kient.

CD,,wing induced-drag coefficient.

GENZIML FORMULAS

Formulas in terms of the seotion oharacteristios,—
l.%einduced angle of attack at any section is obtwined
rom Czby

cl
(y*=(y ——

%

i%e section induced-drag coe5cient is obtained from
~iand c1from

c&= fffc~

md the induced-dr~~ coe5cient for the entire wing
nay be obtaiqed by integration across the semispan
rom the section values:

(1)

In order to obtain the aerodynw.nic center and the
Iitcbing moment of tbe wings, a system of reference
xes was used; the origin was at the aerod~mnic center
f the root section and the axes were C-Sshown in iigure

The z axis (f&. 1 (a)) is parallel to the root chord,
nd the y &s (fig. 1 (b)) is perpendicular ta the plane
f symmetry with positive directions fo~owing the
ectm-s. The wing axis is the locus of the nerody-
.amic centers of tbe sections and Jiesin the z-y plrmo.
?he lift 1and the coefficient c1of any section along the
pan are represented in figure 1.



A typical mction with the aerodynamic center
located at rLdistance z from the y axis has a moment
arm of

X COsa~

and a pitching moment about the lateral axis (@. 1)
due to the additional lift force of

but the lift increment of any section is

and the pitching moment for the entire wing is obtained
from

Wing aerdynanic csnfq Aerodynamic center
\

Rool+eciicn \ of ony section
between,roof gno’@

oetodynomic ceni%r,
‘“, ? /“

I

%*

Rod- SecikrlCAcrO”” b “\t.
fip-secfibn chrdi ‘~y

(a) Acrm$nmnic cenfw of condructicn tipsecilm

(a) Deh-mhftlion of twist.

hbot-sectiw aerody,nomiccenfer

(1)) ShaighbtaIMTwingTvItbroundedM&.

(c) Dlmmttd ti[lltkd fig.
FIaum l.-Form of wins

Pitching-moment coefficients for the entire wing will
be based on a chord length of S/b so that

The pitching-moment coefficient due to ‘the additional
lift forces then becomes

Cml.=–$ Coaa,
s

b~
q Cxdy

o.

The additional lift forces have a centroid through
which the lift may be considered to act. This point
is the aerodynamic center of the wing and its x coordi-

~ate will be designated %.... (See fig. 1.) This dis-
tance corresponds to d in reference 4. The term
C~l thin may also be expressed.

Cml= – (z=...cos +@.

Lf the previous expression for Crnleis used, x=... is

obtained as a fraction of S/b by

(2)

The moment due to the drag forces has been omitted
because it is relatively small, e~cept for wings with
large amounts of sweepback or dihedral.

The pitching moment of the basic lift forces is a
couple and is therefore independent of the axis about
which it is determined. The lateral axis was used to
facilitate computation but, when the pitching moment
is used, it is convenient to consider it constant about
an axis through the aerodynamic center. According
to the method previously used, the pitching-moment
coefficient due to the basic lift forces is .

(3)

The cos CYt(L-m(the cosine of the angle of zero lift of
the wing measured from the root chord) has been
omitted because it is practically equal to unity.

In addition to the basic lift forces, the pitching
moment of each section also cont&butes to the pitching
moment of the wing, which is obtained by

@),

The total mo.meht about the aerodynamic center is
then the sum of the two foregoing parts

c~a.c+?ml,+oma

FormnIas in terms of the coefflcientg of the Fourier”
series.-li order to obtain data from the foregoing
formulas, the spanwise distribution of the lift coefficient
(following Glauert) ma expressed as the Fourier series:

.

where 8 is related to the distance along the span (fig. 1)

by y= (–b/2) cos 0 and onIy odd vshms of n are used.
When c1 is expressed in the foregoing manner, it is
possible to obtain the induced aqjle of attack in the
form

AIso the coefficients Ax may be expressed @. the form
.-

A, LB.%,+ C.e
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where %, is the absolute angle of attack of the rool
section; that is, the angle of attack of the root section
measured from its direction of zero lift, and e is th
wing twist measured between the zero-lift dimctiom
of the root and tip sections.

When the preceding expressions for c1 and ai ar(
substituted in the foregoing formulas, the character
tics are obtained in terme of the coefficients B. and Ca,
which in turn are grouped into factors.

From (1) the induceddrag coefficient may be ob-
tained in the form:

cD,=~u c“ +c.6a@+ (H7#w

where A is the aspect ratio, and

1-. ..- -l

In the determination of the aerodynamic-center
position, the wing axis is considered to be a straight line
and the angle of sweepback is 13(fig. 1), then

z=lg[tan~

and from (2) the z coordinate of the aerodynamic
center is obtained as

: sin [(7b-2)m/2]_sin [(n+2)T/2]
{ (n–2) (n+2) 1)

From (3) the moment due to the basic lift forces
becomes

c.,b=–QEaQA tan f?

where % is the motion lift-curve slope for the wing and

(The term C.,, is equal to Cm.in referenca 4.)

Also horn equation (4) the pitching moment of the
wing due to the pitching momenti of the sections is
expressedas

c*8=l%a...

. iscmstant am-w the span andwhere k=..

In addition to the foregoing formulssj the following
formulas were obtained in term of B.and C=for other

characteristics. The basic and additional lifts at any
point along the span were expreseed by the dimensio~-
lws quantities

so that

cl,=yLb
and

fiLac‘al ‘Cb

The lift-curve slope was obtained in the form

7rABl
a= 57.3

By the introduction of the slope for
a maybe expressed

a=J ao
~ ; 5:yo

where
j=;(l+5V#)

an elliptical wing,

The angle of zero lift was obtained in the form

%2, cl_J
—. _E–

e

The angle of attack of a wing may then by given by

wherea, is the angle of attack measured from the chord
~fthe root section, and azo,isthe angle of zero lift of the
root section.

The general formulas and the factors used with them
have now been outlined. The manner of obtaining the
iata will be completed by explaining the method of
Findingthe coefficients B. and O. used in computing
the factors.

Deterrnination of the ooefflcients of the Fourier
series,-The coefficientsB.and C. depend on the shape
Dfthe wing. The two wing shapes used are shown on
Eieme1. W% (b) hae a straight taper plm form with
rounded tips and (c) an elliptical plan form. The
taperedwing is shown with sweepback and the elliptical
wing without, but either wing may or may not hove
Sweepback. The rounded tip of the tapered wing is
formed within a trapezoidal tip of length c,, and the
taper of the wing is determined by the tip to root
chord ratio c‘/c,. The aerodynamic centers of the
airfoil sections lie on a straight line across the semispan
sad form the wing axis. The elliptical wing is formed
by distorting an ellipse until the wing axis becomes
straight. In order to determine the wing d, the
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aerodynamic centers of the airfoil sections were taken
at the quarter-chord point. The straight wing axis
may then be given sweepback with each chord moving
parallel to its original position. The same process
would be used to change the sweepback of the tapered
wing.

For the wings considered, the twist varies linearly
from root to tip and the total single of twist is c. As
shown in figure 1, ~is the twist measured betwean the
zero-lift directions of the root and tip sections.

Tapered wing,-For the tapered wing the coefficients
B. and C. were determined from the equation

(5)

where & is the absolute angle of attack at any section;
that is, the angle of attack measured from the zero-lift
direction for the section. The coticients B* and 0,
are related to A. by

where a=, is the absoluti angle of attack of the root
section. The value of mOused in the preceding equa-
tion was 5.79 per radian, which approximates the lift-
curve slope of good airfoil sections. For the linear
taper % becomes

a==~.+e cos 0

For a wing of any particuhw aspect ratio and taper
ratio, equation .(5) was satided at four points along
the semispan by the usual method (except for c,/c,= O
for which six points were necessary to obtain sui3icient
accuracy), and values of IL and Cmfor n= 1, 3, 5, and
7 were found.

The elliptiml wing.-For the elliptical wing the fore-
going fundrummtal equation may be simplified and a
new series of coefficients, independent of aspect ratio,
may be obtained. The coefficient A* for n=3, 5, 7 . . .
w may be obtained in the form

where kmis determined from

cOs’=k’(l+%?)-k4-%3

+“0+s%9 “ “ “
The factors for the elliptical wing then take the form
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j=l

J= —k,+k6—k, . . .
u= 1
V=o

H=&

E=% (c.=.,. constant along the span)

The foregoing factors were obtained for the elliptical
whg and for a straight-taper wing with trapezoidal tips
for a range of aspect ratios from 3 to 20 and of taper
ratios from Oto 1. The factors we~e also obtained for
the tapered wing with rounded tips for a sufficient
number of aspect ratios and taper ratios so that the
complete range could be covered using the factors for
the wing with trapezoidal tips as a guide. Cross plots
were then made to obtain figur~ 2 to 9 and the values
for wings with rounded tips presented in tables I and
IL Although the factors become less reliable as the
mpect ratio is decxmed, it was considered desirable to
extrapolate the curves to an aspect ratio of 2 as the
factors in the low-aspect-ratio range may be of use in
the absence of other data. Additional spanwise lift-
distribution data computed for the elliptical wing are
given in table Ill_.

USE OF TABLES AND CHARTS

In order to find the characteristics of a wing having
a straight taper and rounded tips or having an dl.ipticd
plan form, the tables and charts may be used directly.

The properties of the wiqg should first be determined;
that is, the taper ratio cJc,, aspect ratio A, span 6, the
area 8, the aerodynamic twist c in degrees, the angle of
sweepback & and the average v@e of section M&
curve slope, M well as the section lift-curve slope ao,
the section pitching-moment coefficient c.= ~, and the
chord c at convenient stations along the se~pan.

The chord and % should be found at the spanwise
stations given in tables I and II to facilitate finding
the spanwise lift distribution. Then, for the valu~ of
CJC.and A, values of Lb and Lamay be found from
tables I and II by interpolation if necessary. The
section lift coefficients Clband CZ=Iare then found for emh
station along the semispan from

clb_@L
cb b
s

c [=1= —La
cb
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and cl for any value of ~~ for the wing is obtained from

I —, I t-’I I I I I I 1 1 I 1

1111111111111111111
0 .I .2 .3 .4 .5 .6 7 .8 .9 lo. — .-

Toper ratio,G/et

FrauuH8.-Obart for deterrnhhgpltdhg momentdneto lmsioMt form.
C.,,. –fkdtanp

Aspec+ rcn%

Fmum 9.-otL9rtfordbhmlnhlKimxlYmmiHlt8rmtlon.

The actual basic, additional, and total lifts for any
seotion of the wing may then be obtained from

lb=c,b~c
l.=@al@
l=clgc

Values of 1may be computed for the various spanwise
stations and the curve of the span hft-distribution may
be plotted. Typical semispan Ii&iistribution curwx
are show-nin figure 10.

The semispan induced angle~f-attack distribution
may be obtained from

where

&=%,+&

~ _c.+Je
* a

The remaining characteristics
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are obtained simply
by iimling the required factor for the desired Valum-if
~,/c, and A. from the chark and by computing the
characteristics from the formulas previously given,
usingthe average value of ~ where ~ is required. The
~ormulssare summarized here for convenience.

Lift-curve slope:
.. ----- .. . ... ,,.. . . . . ., . . .

a=j 6
~ : 57..%

Angle of attack corresponding to any CL:

a,=~+alO,+Je

Angle of zero lift:

a,@.O)=ab,+Je

Induced-drag coefficient:

(?~,=~+&~+ (~)%

120

i
Im

*cm

~m

t

40

~zv

o

0 2 4 6 8 10 /2 /4 /6 18 ~e
Distwice along scmispw feet

mou~ Io.—mkd ~ ~t dk&ibRtiOII. CL.12

Pitching-moment coe5cient about an axis through
jhe aerodynamic center:

c ma .0. =0..+- Omlb

0m8=ECma~
c.Jb=–Qs&iitan/3

Aerodynamic-center position (z coordinate):

‘“.’. –HA tan/?mjr

&lthough Cm8may usually be determined horn the
!oregoing formula, equation (4) should be used if
.
.ma.o. varies considerably acres the span.

Illustrative example.—In order to illustrate the
nethod of using the charts, an example will be worked
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out for a wing with straight taper and rounded tips
having the following characteristics:

A=6
cJc,=o.5

b=40 feet
S=266.7 sq. ft.
jg=lo”

C.=1.2

q=10 lb./sq. ft.
Root section: Construction tip section:
N. A. C. A. 4415 N.A. C. A. 2409

~,= 0.097 U@t= 0.099
atO~=—3.80 a10,=–1.70

c*=.C.a=—0.083 Cma-c.= —0.044

The angle of twist measured betwe& tie chords of the
I’OOtand CCIIStlllctiO~tip SeCtiODSis —5° (waShOUt).
Then, by the use of the angles of zero lift of the root
and tip sections and by reference @ fibme 1, the angle
of aerodynamic twist is detamined to be —7.1°.

The chord at several stations along the semispan
and the calculation of the lift distribution are given
in table IV. In the table; a~ and Cm=.c.are assumed
to have a linear variation along the semispan. Values
of Lb and L= were obtained from tables I and II for
an aspect ratio of 6 and a taper ratio of 0.5 and the
basic, additional, and total lift distributions were com-
puted and plotted in figure 10. The pitching-moment
coeilicient c~a-c. varies so much along the semisprm
that C~* cannot be found by use of the factor E but
must be found horn (4). Accordingly, G~a.c.P is
plotted against yin figure 11 and Cmeis found from the
area under the curve to be —0.072.

-8

U.-6
=
“0--4
u

4-2

0 2 4 6 8 10 /2 14 1618.2D
Distocce oloq semispan. feef

~GUEE11.-OI’8PMd determhationof f.@ztkmpitcldngmomenL

c=w’’-...~’”-o~

I?rom figures 2 to 9 and -the equations on page 7
the remaining factors and characteristics are deter-
mined to be

j= O.998 a= O.0755
J=–O.408 a*=15.o

U= O.995 ff,(.., =–0.9
0=0.0001 b~t=0.0786
W= O.0039
Q=.O.0199 cmlb=o.015
H= O.214 X=...=5151 ft.

c ~a.C.=–0.072+0.015 =–0.057

Method for wing of special form.—ll it is desired to
iind the characteristics of a wing having a chord dis-
tribution that lies betweau the chord distributions of
the tapered and elliptical wings, such as a wing with a
constanbchord center section, an interpolation may be
made between the values for the tapered and elliptical
wings to ilnd most of the characteristics.

The lift distribution for such wings may be found by
an approximate method that has been tried for a few
wings having pan+llel center sections and has given
satisfactory results. The method has been taken from
reference 5 with the symbols converted to the notation
of this report. Approximate values of La,which will
be designated La’,maybe calculated from

where

The procedure is to choose a number of points at con-
venient intervals along the semispan (12 points should
be sticient for the usual plan forms); then from the

values of c at those points the mean value of m
_ v=

b/2

is calculated. The value of aOmay then be found and
from the values of y and c, L=’at each point along tho
semispah may be compukd. The V~UeSof La’ should
correspond to a CL appto.ximately equal to 1. The
actual CLmay be feud from

“L=fi=’’(?%)--
and CLmaybe conveniently found from the area under a

b,2. Finally, Lamay becurve of La’plotted against ~

found iiom Le=La’/C~.Values of Cla may then be
calculated by the previously imlicated method and, if

desired, CD, ~d ~lb~ may be found from equations (1)

and (2).
If a wing has cotiderable dihedral or a curved wing

axis, an integration may be made directly from the
motion characteristics. For this purpose, the best
procedure -would be to resolve the section valuea CIO
~d c~Ointo components ~ong ~d p~~el to the z
and z axes, where the z axis is perpendicuhw to tho
z b and lies in the plane of symmetry. Owing to
dihedral, there will be a vertical coordinate of the aero-
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.

dynamic center and a pitching moment about the aero-
dynamic center of the force components in the z direc-
tion. The coordinates of the aerodynamic center and
of the pitching moment about it may be found from
integrations like (2) and (3) by substituting the appro-
priate values of the z and z force components. For
example, ~a.~.would be found from

J
2 ‘Bc.aady

Za.c.=s 0 ~
%

where

s

blt
Cza=; “ Czacdy

The values of x=... and Czamay be found by plotting

to the desired angle of twist and the sections between
the root and tip were then formed by using straight
lines between corresponding stations of the root and
tip sections. Formation of the wings in this manner
results in a nonlinear distribution of twist along the
semispau. In plan view the quarter-chord points of
the sections lie on a straight line across the semispan;
the sweepback was measured between this line and
the lateral axis.

Three different amouqts of sweepback, 0°, 15°, and
30°, and three types of airfoil sections, symmetrical,
cambered, and reflexed, were used.

& the wings differ primarily in airfoil section,
sweepback, and twist, a convenient designating number
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C,aczand C,ocagainst the distance along the semispan was used to distinguish the wings, such as 24–30-S.50.
and fiding the area under the curves. In this number 24 designate the N. A. C. A. airfoil

TESTS OF TAPERED WINGS

In order to provide test data on tapered wings,
including wings with sweepback and twist, and, to
provide a check on the previously outlined method of
computing characteristics, nine tapered wings were
tested. The plan forms and sections of the wings are
shown in figures 12 to 20. The aspect ratio of all the
wings was 6; the taper ratio of eight of the wings was
0.5 and of one wing was 0.25. For all the wings the
thiclmm ratio of the root section was 15 percent and
of the tip sections 9 percent. The tip section was set

1300C2474A

mean line, i. e., 2 means 0.2 chord maximum camber
and 4 that the maximum camber is at 0.4 chord ~ 30
gives the sweeplkck in degrees; and 8.50 gives the
washout in degrees.

The wings are listed in table V. The fit two wings
have no sweepback and no twist and di.iler only in
airfoil section. The next MO have increased sweep-
back. The five remaining wings are exampbs of
various methods of combining sweepback, twist, and
airfoil section to obtain wings having a small positive
pitching moment; such wings would be suitable for
tailleas airplanes The amounts of twist and of

.
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smepback necesmxy to obtain the desired pitching
moment were determined by the method previously
given for computing pitching moments, except that
data for wings with trapezoidal tips were used. The
2+30-8.50 wing has suilicient twist ti obtain the
desired pitching moment using a cambered section
and 30° sweepback. The 2RI–15-8.50 wing has the
same twist but half the swcepback and a reflexed
airfoil section to obtain a positive pit&ing moment.
The 2R~15-O airfoil has no twist and increased reflex.
A symmetrical section together with twist is used for
the 00-15-3.45 wing, while the last wing has the same
twist and sweepback as the previous W@ but a taper
mtiO of 0.25.

The variable-density wind tunnel in which the tests
were made is described in referance 6 together with
the method of making tests. The lift, drag, and
~itching moment of the wings were meas~ed at a
tank pressure of 20 atmospheres.

The results of the tesb, corrected for tunnel-mill
effect, are given in the form of dimemionless coefE-
cients and are plotted in figures 12 to 20. The lift-
curve peak is given for two values of effective Reynolds
Number to indicate the scale effect. The effective
Reynolds Number, at which the msximum lift coeffi-
cients apply in flight, is the test Reynolds Number
multiplied by a turbulence factor, 2.64.

In order to make possiil~ a more accurate reading of
drag coefficients than can be made ihm the plots
against angle of attack, a drag coefficient has been
plotted against-lift coefficient with the induced drsg
for elliptical span loading deducted; that is

—.,-.
7T9

cD*=cD–~

The coefficient C:6iscalled the “effective profile-drag
coefficient” mid M useful for ccmpming the drag of
tapered wings, as it includes with the true profile drag
any additional induced drag caused by a departure
from the ideal ellipticrd lift distribution. Notice
should be taken that c.. cannot be used like a profle-
&W ~efficient ~ Ccmpub the effect of change of

aspect ratio but applies only to the particular wings
tested. The values of CL6have been corrected to the
effective Reynolds Number (references 7 and 8) by
allowing for the reduction in skin-friction drag due to
ti-e change from the test to the ellective Reynolds
Number. The reduction amounted to C.=0.0011.

The pitching-moment coefficients plotted agaipst the
lift coefficient are given about an axis through th6 aero-
dynamic center of the wings in order to obtain a prac-
tically constant value of pitc~~-moment coei%cient.
The aerod~amic eentar was determined from the
slope of the test pitchiqg-moment curve. The locw
tion of the aerodynamic center is given on the plots by
its distance from the leading edge and above the chord
of the root section. These distancw are given as
Jmctions of the ratio of area to span, S/3.

The shapes of the lift and pitching-moment curves
near maximum lift provide information on the na-
ture of the stalling of the wings. The 24-o-o W@
has a sharp drop in lift after the maximum, indicati
ing that stalling occurs almost simulteaeously over
a considerable portion of the wing. Also the Om~.O.
after the stall is like that of normal wings. In con-
trast to this wing, the 24-30-0 wing, which has the
same airfoil sections but 300 sweepback, has a rounded
lift-curve peak, indicating that stalling occurs pro-
gressively along the span. The pitching-moment
coeilicient is positive after the stall, which shows that
stalling begins at sections behind the aerodynamic
center. Washout, as in the case of the 24-30-8,60
w@, redu= the tendency to stall of sections behind
the aerodynamic center, which may be veriiied by
reference to the C.= ~ curve. Stalling, however, still
begins behind the ae”r6dynamiccenter, as the (&, is
positive after the stall. All the wings, except the
24-30-0 and 24-30-8.50, are stable after the stall.

The important test restits for all the wings are
summarized in table V. The coordinates of the nero-
dynarnic center are expressed as fractions of 13’lb. The
24-0-0,24-15-0, and 2+30-0 wings show a decreaae of
CL- as the sweepback is increased. For the 24-30-
8.50 wing, the effect of sweepback is partly compen-
sated by twist, which reduces the tendency to stall
of the low Reynolds Number secti6ns near the tips
and therefore increases Ck=. The drag, however, is
also increased. Of the wings designed to have a small
positive C%. the 21&15-o wing has the highest ratio

COMPARISON OF TRST AND CALCULATED RESULTS

I?itching-moment oharacteristios, lift-mrve slope,

and drag.-The lift distribution and other theoretical
data used to determine the desired pitching-moment
coefficiaut of the wings are now used to predict other
characteristics. In addition to C.%, the aerodymunic-
center position, the angle of zero hft, and the lift-curve
slope have been calculated. The values of a were cal-
culated from the formula in figure 2. In this formula
a vslue of ~ corresponding to the G for the N. A. O. A.
0012 and 2412 sections at a Reynolds Number of
3,000,000 was used, inasmuch m the effect of variations
of % with section and Reynolds Number is small, As
the value of % used in the formula was derived from
test5 of rectangular wings, a correction for square tips
has been applied in order to obtain a better value of the
section lift-curve slope. The correction, derived from
tests of wings with rounded tips, is given in reference 9.

The calculated values of the pitching-moment coeffi-
cient at zero lift, the aerodynamic-center position, the
angle of zero lift, and the M&curve slope are generally
in good agreement with the test values (table VI),
The agreement of the pitching-moment coefficient at
zero lift and the aerodynamic-center position, which are
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ccdculatod from the basic and additional lift distribu-
tions, respectively, indicate that the theoretical lift
distributions must also agree reasonably well with the
actual distributions.

In addition to the foregoing characteristics, the drag
has been calculated for the 00-0-0 and 24-O-O airfoils.
The comparison between calculation and experiment
is based on values of the effective proiile-drag coeffi-
cient. The calculated values were obtained from

In order tc find the value of the integral, valuea of
cd. were determined as fo~o’ws at sever&dpoints Qhg
the semispan for convenient values of total wing C~.’
J?or each value of CL the distribution across the semi-
span of cl, Reynolds Number, and thiclmesaratio were
calculated. Then, for each point on the semispan,
cd. was found for the appropriate cl, Reynolds Number,

Jw3TF
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and thiclmess ratio, us@g data that are expected to be
published soon in a report concerning scale effect on
airfoik, From the values of cdo, w cwm of c~c ww
plotted against y and the value of-the integral vrw
determined from the area under the curve. The value
of cD~was obtained for the fornda previously given
The calculated and test values of C~6are compared in
figures 12 and 13. The agreement is considered good

Estimation of maximnrn lift coefficient.-A find
characteristic to be estimated is the maximum Ml
coefficient, which should be nearly equal tc the ~L al
which staMng begins. The method of deter- thf
U. at which stalling begins ‘is demonstrated for th~
00-15-3.46 (4:1 taper) wing in @e 21. The lhl
coefficient at which each section along the semispal
stalls (shown by the dashed curve) was obtained bj

~ing the maximum lift coefficients of the symmetrical
~ections given in reference 10 but with the values of
?Lmu increased 3 percent. This correction ww made
‘or the same reason tht ~ was corrected; that is, to
allowfor the effect of square tips and thereby to obtain
~ closer approach to true section characteristics.
3etter section ch~teristim will be obtained as a
wmlt of an investigation ~ progress but the correction
Bed is sufficiently accurate for the present purpose.
h the values of Ckn given in reference 10 were for a
3eynoMs Number of 3,000,000, correction increments
wereapplied to correct the yalues of C% to the acturd
%eynolds Number of each section slong the spon.
Correction increments applying to various airfoil sec-
;ions are expected to be published in the previously
nentioned report “concerning scale effect on airfoils.

The curves of c1 distribution -for several values of
tig CL given in figure 21 were determined by the
nethod previously given for finding c1 distribution.
4s soon as the c, curve becomes tangent to the stalling
..Z.m curve, the section at that point reaches its masi-
mum liftcoefficient and stalling should soon spread over
Lconsiderable part of the w&. Thus, for the 00-15-
3.45 (4:1 taper) wing, stalling is indicated as beghming
Dearthe tips, at a CLof 1.31. Strdli.ng,however, is so
dose to the tip that it may be modiiied by the tip
vortex. The measured C%. is 1.32, but this value is
probably low owing to the e-iveepback of the wing.
This method, when applied to several other tapered
wings without sweepback but hav@ various taper
ratios and aspect ratios, gave a stalling CL that was
within a few percent of the measured C%= for all the
wings; therefore, the method should prove useful for
estimating the C&m of tapered wings.

The ,00-15-3.45 (4:1 taper) wing is an example of the
harmful eflect of excessive taper on C%=. Large taper
not only tends to cause a low C%u but also tends to
cause stalling near the tips, which results in poor lateral
control at low speeds. Improvement could be obtained
by using 1sss taper and thicker sections near the tips.

Although all of the charactw%tics of tapered wings
have not yet been satisfactorily calculated, it may be
concluded that the following important aerodynamic
charactetitics-angle of zero lift, the lifkurve slope,
the pitching-moment coefficient, the aerodynamic-
center position, and the span lift distribution-can be
calculated with sufficient accuracy for engineering
purposes.

LANG~EY MEMORIAL AERONAUTICAL LABORATORY,

NATIONfi ADVISORY COHTTJOE FOR AERONAUTICS,

LANGLEY l?IELD, VA., May 1, 1936.
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TABLE I.—BASICSPAN LIET-DISTRIBUTIONDATA
VALUES OF Lb FOR TAPERED WINGS WITH ROUNDEDTIPS Crb—‘~fLb
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a4 0.5 0.6 a7 as
I

(lQ I Lo
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